We present the fabrication and properties of hybrid structures consisting of a monolayer of colloidal CdSe nanocrystals grafted on hydrogenated Si surfaces via amine modified carboxy-alkyl chain linkers. The wet chemical preparation ensures that Si surfaces are fully passivated with a negligible number of nonradiative surface state defects and that the separation between nanocrystals and Si is tightly controlled. An eightfold decrease in photoluminescence lifetime of nanocrystals on Si is observed as compared to glass. A quantitative analysis reveals that the nonradiative transfer from nanocrystals to Si is 65% efficient, demonstrating the potential of such hybrids for practical photovoltaic devices. © 2011 American Institute of Physics. ͓doi:10.1063/1.3579545͔ Nanostructured materials attract a great deal of attention as candidates for practical photoelectronic devices, including for light harvesting. Many of current photovoltaic nanostructures, 1-3 such as organic bulk-heterojunction systems, are charge transfer based devices, where the interface between components is used to separate primary photoexcitations, excitons, into electrons, and holes on different sides of the interface. These systems frequently suffer from the bad interface quality and poor carrier transport and collection resulting in much lower overall conversion efficiencies than in inorganic crystalline devices. An alternative is offered by nonradiative energy transfer ͑NRET͒ based hybrid nanostructures combining strongly absorbing components, such as organic molecules or inorganic nanocrystal quantum dots ͑NQDs͒, with high-mobility semiconductor ͑SC͒ layers. Light absorption in such devices is followed by longer-range energy transfer across the interface with the subsequent separation and transport of charge carriers entirely within the SC-based component as shown in Fig. 1͑a͒ .
In this letter, we report that energy transfer from colloidal NQDs to Si substrates can be an efficient process. NRET may be thought of as due to direct excitation of electron-hole pairs in the SC by the oscillating near-field of the transition dipole in the neighboring NQD or molecule. 4, 5 Similarly to intermolecular Förster energy transfer, its rate depends on the distance and the strength of electronic transitions in both components. Given the maturity of Si technologies, substantiating NRET efficiency into indirect band gap Si ͑Refs. 5-7͒ is particularly important. Further advantage comes from attractive photophysical properties of NQDs-they have size-dependent band gaps for easy tuning of their emission wavelength, large absorption cross-sections and are very photostable as compared to organics.
Recently, several studies have reported efficient NRET in such hybrid systems as organic/quantum well ͑QW͒ ͑Refs. 8-10͒ and NQD/QW heterostructures. 7, 11, 12 It should be noted that evaluation of NRET efficiency from the experimental data requires extra care as the radiative rates are also affected by the nanostructured environment. 13, 14 In fact, the radiative decay of the emitting species into the SC layer can be employed for photovoltaics as well. 15 By exercising an improved control and comparing structures used in our study, we provide a quantitative assessment of both radiative and nonradiative decay rates of NQDs on a Si surface.
Ordinarily used drop-cast or spin-cast NQD films on unpassivated surfaces are subject to variations and uncertainties in the placement of the NQDs relative to the interface. 7, 12 The situation is particularly difficult when the substrates are not well electrically passivated by a stable oxide ͑as is possible for silicon͒. Yet, the attachment of NQDs on defect-free surfaces with high electrical quality is required for advanced applications. Methods for functionalizing and stabilizing defect-free surfaces have been developed 16, 17 but surfaces may not always resist the NQD attachment process. Substrate oxidation and formation of traps that occur on the outer NQD ligands 18 may open an effective channel for electron scavenging that may hinder NRET related phenomena.
Here, we describe covalent grafting of a single monolayer of monodispersed colloidal CdSe NQDs on the defectfree Si surfaces at well-controlled distances. Grafting of a self-assembled monolayer ͑SAM͒ is shown to completely passivate the Si surface ͑e.g., prevent subsequent oxidation͒ through Si-C bonding and to provide functional headgroups a͒ Electronic mail: anton.malko@utdallas.edu. for attachment of NQDs. 16, 17, 19 In addition to passivating the interface, a linker-assisted deposition guides the creation of a single, tightly controlled ͑sub͒monolayer of NQDs at predetermined distance. Such geometry is ideally suited for NRET studies in which photogenerated NQD excitons are transferred to the Si conductive region. Microphotoluminesence ͑PL͒ time-resolved spectroscopy and atomic field microscopy ͑AFM͒ surface characterization confirm the presence of a single layer of NQDs by spectral diffusion and imaging. Considerably faster ͑ϳ8 fold͒ PL decays are found on Si versus on glass. Comparison with theoretical calculations indicates that NRET into Si is a major contributing mechanism for NQD exciton recombination.
Surface functionalization depends on the starting surfaces. For oxide-free Si surfaces, a hydrosilylation reaction using ethyl undecylenate molecules, leads to a carboxylic acid terminated alkyl chain monolayer after head group transformation. 19 The head groups are then modified to amine groups by leaving the sample 90 min in an 2-͑N-morpholino͒ethanesulfonic acid ͑MES͒ solution ͑25 ml͒ containing 1-ethyl-3-͑3-dimethylaminopropyl͒ carbodiimide ͑EDC͒/ethylene diamine ͑20 mg/1 ml͒. 16, 17 For Si oxide ͑SiO 2 ͒ or pure glass surfaces, the freshly cleaned samples are immersed in a preheated ͑70°C͒ anhydrous toluene solution containing 0.2% of aminoundecyltriethoxysilane ͑AUTES͒ molecules for 12h in a recirculation glove box. 20 Colloidal NQDs are purchased from Invitrogen and used without further modifications. NQDs attachment is performed by diluting either 5 l or 50 l of stock NQD solutionin 10 ml of hexane to achieve either low or high density coverage. The samples are left 2 h for adsorption, rinsed twice and sonicated 10 min in toluene, and dried under N 2 gas.
To characterize surface coverage, we performed AFM imaging of the NQDs grafted on various surfaces. Figure 2 shows AFM images of single NQD monolayers with two different initial concentrations corresponding to either submonolayer coverage ͓Figs. 2͑a͒ and 2͑b͒; top row; NQD concentration 5 l͔ or dense layer coverage ͓Figs. 2͑c͒ and 2͑d͒; bottom row; 50 l͔. The grafting is done on oxide-free Si ͓Figs. 2͑b͒ and 2͑d͔͒ or on thermally grown SiO 2 layer ͑4.7 nm͒ on Si ͑referred as SiO 2 / Si͒ ͓Figs. 2͑a͒ and 2͑c͔͒, as described above. Similar AFM images are recorded for NQDs deposited on glass. The SiO 2 / Si and glass surfaces are grafted with an AUTES layer, while oxide-free Si surfaces are stabilized with an amine-terminated SAM layer with ellipsometric thicknesses of 1.5 nm and 2 Ϯ 0.2 nm, respectively. The calibrated AFM pictures reveal NQD size distribution in 4-5 nm range, with only a very few ͑white spots͒ making small clusters. This confirms the existence of single and uniform layers of NQDs with a predetermined spacing to Si substrates. For spectroscopic studies we used a typical, microscope-based PL system designed for high collection efficiency. NQD emission was sent to a sensitive photon detector ͑MicroPhoton Devices͒ via a spectrometer for wavelength-dependent PL lifetime detection. PL decays were collected via time-correlated single photon counting performed on board of Pico300E photon counting hardware ͑PicoQuant GmbH͒. Overall time resolution was less than 50 ps.
PL dynamics of NQD films are affected by NRET between neighboring NQDs and show off as strong wavelength dependence of PL decays and can be used to quantify average dot distances in self-assembled films. 21, 22 Figures 2͑e͒ and 2͑f͒ show PL decays taken at various spectral positions for SiO 2 / Si samples shown in Figs. 2͑a͒ and 2͑c͒. Only a small difference in lifetimes is observed on panel ͑f͒ pointing to NQD's separation that is far enough to exclude interdot NRET. Similarly, no significant transfer was observed for single NQD layers grafted on oxide-free Si and on glass.
To assess the relative contributions of the radiative and nonradiative channels to NQD PL decay, we compare PL lifetimes ͑detected at = 570 nm͒ for NQDs grafted on oxide-free Si, on SiO 2 / Si and on glass as shown on Fig. 3͑a͒ . The PL dynamics differ appreciably, with those on oxide-free Si being the fastest. The fits to the main components of PL traces yield respective PL lifetimes as Si = 1.7Ϯ 0.2 ns, SiO2 = 3.3Ϯ 0.1 ns, and glass = 12.8Ϯ 0.9 ns. Nearly monoexponential PL decays attest to the high quality of these commercial NQDs ͓quantum yield ͑QY͒ ϳ90%͔. The observed accelerations glass / Si ϳ 7.5 and glass / SiO2 ϳ 3.8 of PL lifetimes with respect to the NQDs on glass should then be attributed to the differences in radiative and nonradiative decay rates at respective interfaces.
The PL spectrum of the donor should overlap with the absorption spectrum of the acceptor for an efficient NRET. 14 Si absorption, while extending from near infrared to UV ͓Fig. 1͑b͔͒, is relatively low due to the indirect character of optical transitions. Tabulated data 23 for the Si complex dielectric function at energy 2.2 eV shows Re͑͒ = 16.3 and imaginary as only Im͑͒ = 0.26. Hence, the efficiency of NRET into Si might be questioned.
The radiative decay rate itself is modified in the vicinity of the dielectric interface as first shown by Sommerfeld a hundred years ago. As previously described, 13, 14 we need to quantitatively assess the contributions from radiative and non-radiative ͑NRET͒ mechanisms to PL lifetimes. The inset in Fig. 3͑b͒ displays the calculated variations in the purely radiative decay time rad ͑with respect to vacuum's 0 ͒ of a randomly oriented dipole as a function of variable thickness d of the SiO 2 layer ͑refraction index n = 1.5͒ on the top of the Si substrate ͑n =4͒. As shown, rad on Si is about 2.5 times faster than on glass. This ratio does not change much for a thin separating SiO 2 layer that we use a spacer. As the observed decays are substantially faster ͑by factors 7.5 and 3.8͒, one have to invoke nonradiative mechanisms to explain the difference. 23 for Im͑͒. The good agreement of our data with calculations convincingly excludes charge transfer to Si as a mechanism contributing to the decay of NQD excitons. Charge transfer is facilitated by the overlap of the electronic wave functions characterized by the exponential distance dependences over angstrom-size scales. In contrast, NRET is due to longerrange interactions with power-law distance dependences. We observe significant PL decay changes even for d = 4.7 nm of insulating SiO 2 layer with the overall NQD to Si separation z + d around 7 nm, and the distance-dependence of NRET contribution follows the theoretically predicted 13 ϳ͑z + d͒ −3 . The SAM grafting process assures that the underlying Si or SiO 2 surface is free from the defects that could serve as electronic traps. If it were not the case, the PL decay would be essentially only dependent on the distance to the nearest surface, i.e., the length of the SAM molecule. The effect of charge transfer ͑trapping͒ into electronic states within the SAM layer can also be excluded based on the high PL level of the SAM-functionalized surface ͑same as for Si/ SiO 2 interfaces͒, confirming that the covalent attachment of the organic layer produces an interface that is similar to that of silicon oxide ͑negligible density of interface traps͒.
Using measured PL lifetime on glass glass = 12.8 ns, we assess the radiative rad ϳ 12.8/ 2.5= 5.1 ns and nonradiative NRET = 2.5 ns decay lifetimes for NQDs on Si yielding together, 1 / Si =1/ rad +1/ NRET , the observed time Si = 1.7 ns. The corresponding NRET QY= Si / NRET is thus estimated at 65%-for NQDs whose centers are placed ϳ4.4 nm away from the Si surface. We stress that a substantial amount of photons is emitted into Si that would also be eventually absorbed in the substrate.
Understanding the dynamics and efficiency of NRET in Si/colloidal NQD structures is an important step for the development of hybrid optoelectronic devices that would utilize the advantages of its components and bridge a gap between nanostructured materials and modern Si technology. Here, by preparing uniform coverages of a single NQD layer on top of passivated Si surfaces, we have found that NQD PL dynamics on oxide-free Si differ from those on glass due to a combination of radiative rate modification and NRET into Si, and such results compare well to the calculations. The evaluated efficiency of NRET above 65% suggests the efficacy of NRET for practical energy harvesting applications utilizing hybrid structures that bypass traditional charge transfer schemes.
We thank Professor Agranovich for helpful discussions and guidance. Y.J.C. acknowledges the partial support of the Texas Higher Education Coordinating Board ͑NHARP Program͒, and the NSF ͑Grant No. CHE-0911197͒, and A.V.M. was supported by UT Dallas start-up funds.
